The rate at which evaporation can occur from a surface is limited by the rate of heat flow into the surface. Because of this limitation when a liquid at its boiling point commences to flow, the proportion of vapour which forms as a result of the Bernoulli fall in pressure is less than is calculated from adiabatic expansion. A theory for the actual amount of vapour which will form is given, together with an analysis of its effect upon the velocity of flow and the quantity of fluid passed by a nozzle. It is found that although the system consists of a central core of liquid and an envelope of vapour, the calculated limiting velocity of flow, which is the velocity of pressure propagation in the system, is low. The order of magnitude is 20 m./sec. as compared with 400 and 1500 m./sec. for vapour alone and liquid alone respectively. There is a corresponding critical pressure, analogous to that in a gas nozzle, but in contrast to the gas case, both the critical pressure and the limiting velocity itself are functions of the diameter and length of nozzle.
I n t r o d u c t io n
Consider a volume of liquid at a uniform temperature T0 being introduced into an atmosphere of its own vapour in the saturated condition at pressure and tem perature T. If T0 > T the whole volume of liquid is instantaneously in a super heated condition, its temperature being greater than the saturation value corre sponding to the pressure upon it. I t will therefore proceed to evaporate into the surrounding atmosphere until such a proportion has evaporated th at the remaining liquid is reduced to temperature T and the whole system of liquid and vapour is in saturation equilibrium a t pressure p. I t is assumed, of course, in enunciating these conditions that the conditions p, T in the vapour atmosphere are maintained by suitable experimental arrangement. The proportion of the original liquid volume which has to evaporate for the new equilibrium is readily calculated on the following considerations. Let L be the heat of vaporization, Ct the specific heat of the liquid, M the original mass of the liquid and q the proportion which evaporates, then we have
qM L = Cl(T0-T ) M .
(
This expression is an approximation valid when is small. The more correct statement is obtained by considering that the entropy of a mixture of liquid and vapour with proportion q of vapour is S = When th and it is assumed th at no heat is lost or gained in the complete system liquid plus vapour [ 
]
From the Clausius-Clapeyron relation, where C8 is the specific heat of the saturated vapour, this gives d q^-j -i Q + q^-C ,) ] .
I t is seen from this th at equation (1) is an approximation valid when q is small. For larger values equation (2) would have to be integrated. However, the results expressed either in equation (1) or in the integral of equation (2) refer to the attainm ent of a new equilibrium. The interest of the present paper is in circumstances where the time is too short for th at equilibrium to be attained. The order of magnitude of the time required for obtaining equilibrium may be investigated as follows. The mass of liquid can be regarded as a body initially at uniform temperature T0 which is suddenly introduced into a region into which it loses heat from its surface. I t is an essential characteristic of the solutions to this type of problem th at the mean temperature in the body changes appreciably only after a time which is of the same order of magnitude as A2/5k. In this expression lc is the thermometric conductivity of the substance, i.e. its thermal conductivity divided by its specific heat per unit volume, and A is a length of the same order of magnitude as a radius vector from a median point within the body to the boundary surface. Thus for a sphere of radius a losing heat at its surface, A is of order a and is so also for a cylinder of radius a losing heat from its curved surface. Hence the new equilibrium postulated can only occur after a time of the order A2/5 Now for most liquids k is of the order 10~3 cm.2/sec., so th at if A is of the order 1 cm. the attainm ent of equilibrium will require more than 200 sec.
There is, however, a modification to this simple statement which has to be con sidered. If discontinuities can arise within the liquid its outer surface can no longer be regarded as definitive and equilibrium may be reached in a shorter time. Con versely, the possibility of equilibrium being attained in times shorter than A is governed by the possibility of forming discontinuities within the liquid, and the actual time required will depend upon the number of such discontinuities formed. If it were true that a liquid whose vapour pressure is higher than its hydrostatic pressure could forthwith form an even distribution of bubbles throughout its volume, then the surface available for evaporation would be very much increased and the time required for equilibrium could become very short and approach zero. However, it has long been established theoretically that there is considerable difficulty in forming a bubble due to the action of surface tension, and, indeed, from an elemen tary consideration of surface tension it is more difficult to understand why bubbles do form in common practice than why they do not under certain circumstances. An amount of experimental evidence is now available which establishes that when bubbles do form it is because of the presence of solid irregular surfaces in contact with the liquid or of gas dissolved in the liquid or of mechanical tensile stress applied to the liquid, so that the effective hydrostatic pressure is much less than the vapour pressure. Thus it is legitimate to assume for a pure liquid not in contact with solid surfaces and not subject to tensile stress that the theoretical impossibility of forming bubbles will be fulfilled and therefore that the time required for attainment of equilibrium will be of the order discussed above.
This circumstance has many applications of practical importance. Thus, for example, when it is desired to cool a liquid by self-evaporation from a falling spray it is necessary that the time for fall of a drop should be of the order a2j5k, where a is the radius of the drop. Such considerations determine the useful particle size. Another interesting case is where liquid at its saturation temperature flows through an orifice or short nozzle. I t may be considered to flow as a jet, and in most practical circumstances it is actually in the orifice or nozzle for only a fraction of a second. Hence if the jet radius is of the order of a centimetre the attainment of equilibrium in an element of the liquid is not possible until after it has passed through the nozzle. It is with this problem in particular th at the present paper is concerned, for besides being one of important practical occurrence it has also many features of considerable physical interest. One of the most important is that the acquirement of velocity in the orifice is accompanied by the formation of vapour. The specific volume of vapour is so large compared with the specific volume of liquid th at even a very small proportion of evaporation may cause an appreciable change in the specific volume of the fluid as a whole. This means that the mass which can flow through the orifice, whose area is limited, will be less than the mass of cold liquid which could flow through the same orifice with the same velocity. However, it has also to be remembered that the velocity cannot be the same as for a cold liquid, since the specific volume and therefore its integral over the fall in pressure has been changed. Hence the calculation of the amount of saturated fluid which can flow through an orifice or nozzle requires the determination of three main things:
(1) the proportion of vapour which can form in the time during which the fluid is in the orifice;
(2) the effect of this proportion of vapour upon the specific volume; and (3) the effect of this proportion of vapour upon the velocity. However, all these three factors are interconnected, since the proportion of vapour depends upon the time in the nozzle and the time depends upon the velocity. The latter in turn depends upon the proportion of vapour formed and upon its effects on the specific volume. Moreover, the vapour will form an annular envelope around the liquid core, and the surface from which evaporation can take place will be determined by the radius of the liquid core rather than the radius of the nozzle.
However, the importance of the time necessary for attainm ent of equilibrium in this problem has not always been appreciated, and a conventional approach to the problem has been to assume th at the proportion of vapour formed was given by the equilibrium formula of equations (1) or (2). This meant, of course, a greatly simplified procedure, since the proportion of vapour was then independent of the velocity and of the jet dimensions and could indeed be immediately specified for any fall in pressure. The velocity and the specific volume could then be calculated directly and an expression obtained for the quantity discharged. But naturally enough the results predicted were not at all in accordance with experiments. Thus-Bottomley (1937) found that orifices draining saturated water from a steam boiler feed heater passed more than five times the quantity he calculated in the equilibrium theory. Benjamin & Miller (1941) found that sharp-edged orifices discharged the same amount of saturated water as of cold water. The latter result is immediately acceptable if one regards the time available for vapour formation to be zero for a sharp-edged orifice. No experiments have been published in which the problem has been dealt with from the standpoint of the time required for attainm ent of equilibrium except an account (Silver & Mitchell 1945) of the present experiments given from the engineering point of view, and in relation to which this theoretical discussion is presented.
Temperature and pressure phenomena in flow of saturated liquids 467 Consider a liquid originally in equilibrium at p 0 and T0. Now let it flow without friction to a region of reduced pressure p a whose asso is Ta. We have already noted th at equilibrium conditions may not be attained in the short time available for flow so th at the proportion of vapour which forms is not predictable from equilibrium considerations alone. Hence, denoting this proportion by q we cannot assume th at q is proportional to TQ -Ta. But while this is so, it is nevertheless legitimate to assume as an approximation th at the fraction xjq which has formed a t any intermediate temperature T is proportional to the temperature drop T0 -T. Then since x -q when T -Ta the coeffici be qj . Therefore x = This is the proportion of vapour at any intermediate pressure p and its associated T. The specific volume is
where Vv is the specific volume of the saturated vapour at p and T and VL is th at of the liquid. The velocity is given by Bernoulli's theorem
The integration of the first term is easy, since Vl is constant. Since Vv and T are saturation values, for dp in the second term can be substituted from Clapeyron's equation 7 T T dp = dT T{Vv-V i • and, using also (3), xVvdp = T^T^y ) d Tt
Variation of L with T can be neglected in the range of our experiments. The limits are from p 0, T0 to p a, Ta, and the initial velocity is taken to be zero. Hence the velocity obtained is
30-2
If the temperature difference T0 -Ta is small compared with T0 or Ta, these being absolute, therefore
\T0-T alOgTa)
It is worth noting that the first term is the expression for the velocity energy obtain able by liquid alone.
There is perhaps some difficulty in accepting this treatm ent in general since the fluid is not homogeneous. I t may be supposed to divide itself into regions such as a liquid core and a vapour envelope, and through these regions stream-lines might be drawn in which the velocity was governed only by the pressure-volume relation of the separate phases, the velocity in the vapour phase being different from the liquid. In the present treatm ent this possibility is ignored. Theoretically it is only an approximation. As will be seen later the procedure is justified by results.
Equation (7) can be written in the form
where vc is the velocity acquired by cold water for the same fall in pressure, and this is of the form v * = v2 c(l+mq (9) where
m is a constant for given temperatures and pressures, so th a t (9) is an equation defining va in terms of q, i.e. which specifies the velocity in terms of whatever proportion of vapour does actually form.
Temperature distribution in the liquid core
Imagine the cylindrical jet at initial temperature TQ divided into elementary circular laminae of radius a with no heat flow across the flat faces. For the heat flow in such a lamina, if Q is the temperature excess above the surrounding environment,
The boundary conditions on entering an atmosphere a t temperature T ' are expressed in
where J0 and Jx are the zero-and first-order Bessel functions, and Rn is the n of the equation JQ {x) = 0 -The initial temperature distribution is as showrn in figure la . Equation (14) gives for small values of k t j a2 a temperature distribution as in figure 1 b.
The values of k t / a2 which are involved in flow through nozzles are very smal order 10~4 to 10~3. I t is difficult to calculate the total heat lost from a lamina for such a short time, because one has to use very many terms of the series for 6. More over, in the present case the time considered is th at for passage through the nozzle, and depends upon the velocity-which in turn is determined by the heat lost in evaporation. As a result of these two circumstances the problem is intractable on the strict basis of (14).
Temperature and pressure phenomena in flow of saturated liquids 469 However, the difficulty may be circumvented as follows. Making use of the fact that the time is very small and that therefore the gradient near r -in figure 1 6 is very steep, the approximation is made that all the cooling is confined to a thin laminar layer across which the temperature is linear, i.e. the distribution shown in figure lc as an approximation equivalent to figure 16.
The thickness S of the cooled layer must vary from zero at the entrance to at the exit. Moreover, since the pressure must fall from p 0 at entrance to p a at exit, there will also be an axial variation of surface temperature T '. Hence the complete axial conditions are as represented in figure 2. For the present attention will be confined to the temperature in the liquid only. The temperature in the vapour envelope demands special consideration and will be dealt with later. Meanwhile it may be noted only that at a point where the pressure is the surface temperature of the liquid must be higher than the saturation temperature T corresponding to p, to permit evaporation to occur. I t is for this reason th at surface temperature has been denoted by stressed symbols. The variation of pressure p from p 0 to p a applies of course to both liquid and vapour, and since frictional effects are neglected, p is assumed to be uniform across a section. The conditions represented by figure 2 can now be summarized:
( Radius of liquid core = ra. (4) The radius of the nozzle itself will be denoted by rn. In practice it has to vary at the inlet, to make up for the vena contracta effect. But the alteration which the inlet makes to the mean value of geometrical radius along the nozzle is small and rn can be treated as a constant.
Thus at the exit the quantity of liquid flowing in an annulus of thickness has been cooled to a mean temperature of \{TQ + T'a). The quantity emerging per second is 27rravacrlVj, where va is the velocity at exit, and so the amount of heat which is lost by the liquid per second is (15) But this rate of heat loss is due to the conduction across the cooled layer, integrated for the whole surface from entrance to exit. Hence we also have Now the rate of fall of pressure along l is not known and therefore a law cannot be given for the variation of r, T ' and S with l. An approximation has to be made by considering probable averages.
As Tq -T ' goes from 0 to T0 -T'a let it be assumed th at its average value T0 -T is of order \(TQ-T'a). Similarly for S take \<r, and for f take \(rn + ra). Thus
_7 rkln(rn + ra)(T0 -T 'a)
Temperature and pressure phenomena in flow of saturated liquids 471
Because of the low heat transfer through the nozzle wall, it can be shown th at heat conduction radially across the vapour envelope is small compared with the heat required for the observed evaporations. Accordingly the whole of the rate of heat transfer H will be equated to the rate of vapour formation.* If W is the total weight of fluid passing through the nozzle per second and if a proportion is evaporated, then
But since rn is the exit radius of the nozzle,
Now we equate (19) and (15) and obtain
We now substitute for cr from (20) into (17) and obtain 
But since the velocity of core and envelope is assumed uniform, and q is small (18) can be stated. Because of the low condensation coefficient combined with an accommodation coefficient of unity, the rate of vapour molecules striking the surface is many times more than the rate of net evaporation. Since every molecule striking the surface attains temperature equilibrium, the heat taken away for any supposed temperature difference AT between surface and vapour by vapour striking the surface is very much more than is needed to raise the actual net quantity of vapour flowing through the space by AT. A balance will be struck depending on the rate of heat loss through the metal wall of the nozzle. If this is small, the vapour envelope will be heated very nearly to T'. Because of the thickness of the metal and the low temperature difference between the vapour inside and the outside vapour atmosphere, the rate of heat loss through the nozzle walls in the experiments is small compared with the rate of heat supply corresponding to the observed evaporations. Ultimately therefore, the possibility of neglecting heat transfer across the vapour envelope depends upon the radial transfer across the nozzle wall.
Using (22) and (9) in (21) It is seen therefore that a knowledge ofpa is fundamental both to the determination of q and to the subsequent solution of (23) for T'a which also involves vc and Va. I t would normally be assumed that p a, which is the pressure at the end of the nozzle, would be equal to the pressure in the space outside the nozzle into which the latter discharges. But it will now be proved th at this is not always true, and th at the nozzle exhibits a critical pressure similar to that of a nozzle discharging a gas. The special interest of the saturated liquid case is that it occurs a t low velocities, of the order 20 m./sec., while with a gas the velocity.at which the critical pressure occurs is of the order 400 m./sec.
For the remainder of the paper attention will be directed towards the critical pressure in the nozzle, since that must be known before q and therefore T'a and W can be obtained.
Critical pressure 9
From equation (24) values of W can readily be calculated for a series of values of q for a given p 0 and an assumed p a. Values of -T'a) can similarly be calculated from equation (23) for the same series of values of q for the same given p Q and the same assumed p a. Accordingly, a series of corresponding values of W and of T0 -T'a is obtained and W may be plotted against jP 0 -T'a. The same process can be repeated for the same given p 0 but for a different value of p a, and another series of corre sponding W and T0 -T'a obtained. In figure 3 are shown a set of typical curves of W against (T0 -T'a) found for water by calculating for a given p 0 and the different values of p a. To each value of p a a particular curve corresponds. Now if Ta is the saturation temperature corresponding to the assumed nozzle end-pressure p a then T0 -Ta is known and its value can be spotted on the curve for the value p a. In figure 3 the values of T0 -Ta corresponding to the various values of p a are indicated by circles which have been joined up by the dotted curve.
Now it is known th at T'a must be greater than Ta, since the surface temperature cannot fall below the saturation value corresponding to the pressure p a. Hence T0 -T'a is necessarily less than T0 -Ta. It follows th at on the lines in figure 3 the only possible values of W for a particular p a are those which lie to the left of the dotted curve. The values indicated by the dotted curve are the values of W which would be obtained if the surface temperature could fall so low as to attain the value Ta.
The dotted curve exhibits the very interesting property of having a maximum discharge. The values of W indicated by it first increase as p a is reduced and then diminish. I t is readily appreciated from the nature of the graphs th a t the points corresponding to the true values of W obtained a t the T'a corresponding to each Ta must show a similar maximum somewhat higher in amount and lying to the left of the maximum of the dotted curve. Owing to the slopes of the individual curves for against T0 -T'a, however, it will be apparent th a t the value of T0 -T'a for which the true maximum discharge occurs will correspond to a value of TQ -Ta not very different from th at corresponding to the pressure at which the dotted curve shows a maximum. In other words the actual discharge from the nozzle although it occurs with a surface temperature T'a may be expected to have a maximum at a nozzle end pressure very close to, if not the same as, th at corresponding to the maximum of the dotted curve. The value of the maximum flow will be rather greater than indicated by the maximum of the dotted curve.
The theory which has led to equations (23) and (24) therefore leads to the con clusion that as the nozzle end-pressure is progressively reduced the calculated discharge first increases and then begins to diminish after passing through a maxi mum. The value of the back pressure corresponding to the maximum discharge can be determined from the maximum of the dotted curve but the actual value of the maximum discharge is so far uncertain. The important thing at present, however, is not its amount but the fact of its existence. The occurrence of a maximum in a graph of calculated discharge against nozzle end-pressure in the flow of any fluid implies th at d W Id p a is zero. Now it is readily proved th at this condition can be satisfied on if the velocity of efflux is equal to the velocity of pressure propagation in the fluid. For the discharge of any fluid, the weight flowing per unit area per unit time is and when the derivative of this with respect to pressure is equated to zero, leads to the condition dv_vdV dp V d p '
The general equation for flow without friction gives vdv -Vdp. Hence dv__V dp v'
But the expression on the right-hand side is the general expression for the square of the velocity of pressure propagation in a fluid. In th at expression the conditions of the propagation, as for example whether it is adiabatic or isothermal, are defined by the derivative dp/dV and the expression is valid for any condition so defined. Hence whatever the conditions under which the flow of a fluid is assumed to take place, if the calculations indicate a maximum discharge, then it must correspond to the attainm ent of a velocity of efflux equal to the velocity of pressure propagation in the particular conditions of flow. I t follows that in practice a further reduction of pressure in the space beyond the nozzle will not be experienced in the nozzle and so the nozzle end-pressure should remain at the value corresponding to the maximum discharge and the discharge should remain at th at maximum no m atter how much the outside pressure is further reduced.
Hence the above argument shows th at a nozzle through which a saturated liquid is discharging should exhibit a critical pressure similar to th at known in discharge of a gas. However, it has rather different properties. In the case of a gas the critical pressure as calculated for adiabatic flow is a function of the fluid alone. When the foregoing theory is applied to a saturated liquid, however, a different graph of the type shown in figure 3 has to be worked out for each length of nozzle and the critical pressure at which the maximum discharge occurs is different for different lengths of nozzle. The expressions are too complicated to permit of determining a critical condition by differentiation to get dpjdV. Hence the need for graphical calculation of the maximum. In figure 4 a graph is shown of the critical pressure calculated for saturated water flowing through nozzles of varying length and of 0*476 and 1-27 cm. diameter. The curves shown are for a supply pressure of 3*4 atm. with a corresponding saturation temperature of 138-2° C. I t is seen th at the critical pressure calculated from the theory is dependent not only on the length of the nozzle but on its diameter. Now the theory has been based upon the conception of a core of liquid and an envelope of vapour. For liquids the velocity of pressure propagation is normally in the region of 1500m./sec. and for gases it is in the region of 400 m./sec. The velocities of efflux of the saturated liquid which correspond to the calculated values of critical pressure can also be determined from the foregoing theory and it is found th a t they are very much lower than would normally be considered reasonable for velocities of pressure propagation. Thus, for example, the velocities corresponding to the critical pressures in figure 4 have been plotted in figure 5. They are of the order of only 20 m./sec. I t is therefore of considerable interest to investigate experi mentally whether the phenomenon of critical pressure does in fact occur under these conditions and to see whether it shows the predicted dependence upon length and upon diameter. 
Experimental results
The experimental apparatus illustrated diagrammatically in figure 6 was used. The pressure vessel was of cast iron and in it steam and water were mixed to obtain water approximately a t saturation temperature. The steam supply was taken from the 3501b./sq.in. main in the laboratory while water was supplied to the experi mental vessel by a by-pass from a centrifugal pump line. The main discharge of the centrifugal pump was maintained at the pressure of 6-45 atm. and the use of the by pass permitted fine control of the water supply to the experimental vessel for operating it at any pressure up to 3-5 atm., the maximum value used. The discharge from the nozzle was measured by collecting it, after condensation of any steam present, in a weighing tank, and measuring with a calibrated stop watch the time for 25-4kg. (|cw t.) to collect. Each result was the mean of 5 determinations. Experimental scatter was found to be about 5 %.
Experimental nozzles were made of monel to avoid corrosion. All were designed with an entrance as shown in figure 7 and the lengths used were as follows, in centimetres-0-715, 1-35, 1-98, 2-62, 4-52 and 5-8. As shown in figure 6 the first set of experiments was so arranged that the pressure outside the nozzle to which it was discharging was .always one atmosphere. Experiments were made a t various supply pressures but from the point of view of the present study of critical pressure only those are of interest in which the predicted critical values are higher than atmosphere. As shown in figure 4 this is the case for all the lengths when the supply pressure is 3*4 atm. and the experimental results will therefore be described for this value.
coding water discharge to oiitlet weighing tank The experimental discharge obtained with a supply of saturated water a t 3*4 atm . for the various lengths is shown in figure 8 , and compared with theoretical values calculated from (24). I t is immediately evident th a t the discharge is very much affected by the length of the nozzle and th at general agreement is good. Hence if a critical pressure does exist it cannot be independent of nozzle length since if it were so the discharge would remain unmodified by length. The next step was to measure the pressure inside one of the nozzles but near its exit to see whether the pressure a t its end was in fact higher than atmosphere. Accordingly a small radial hole was drilled through the wall of the longest nozzle of 5-8 cm. and connected to a manometer. When the fluid was now allowed to discharge as before the end pressure in the nozzle as measured by the manometer was found to be 2*39 atm. There was therefore no doubt about the existence of a critical value. Unfortunately it was found th at the discharge was no longer the same as before the pressure measurement hole had been drilled. Instead of 189 g./sec. it was found to be only 156g./sec. A new nozzle was made of the same length and diameter but again without a pressure measurement hole and the previous result of 189g./sec. was found to be repeated. The experiment with the pressure measurement hole was repeated also and again gave 156 g./sec. I t has therefore to be accepted that the existence of the pressure measurement hole disturbs the metastable jet in some way so as to reduce its stability and cause more rapid formation of vapour. Accordingly the value of 2-39 atm. read for the critical pressure cannot be taken as a correct measurement of the critical pressure corresponding to the discharge of 189 g./sec. in the original nozzle. Nevertheless the point of importance is that the existence of a critical pressure has been proved for conditions which are not very different so far as velocity of efflux is concerned from those in the nozzles without pressure measure ment points. For it is easy to calculate from the theory, knowing the nozzle end pressure as 2-39 atm., the proportion of vapour and the resultant velocity which could give the observed discharge of 156 g./sec. The result is found to be 17-7 m./sec. I t may therefore be considered established that a critical pressure can exist under the conditions of discharge of saturated water and the critical pressures can be estimated which did exist in the experiments even although it is not possible to measure them without upsetting the stability. Such an estimate can be made by considering a set of figures of the type of figure 3 for various lengths and plotting the indicated maximum discharge against the indicated critical pressure. I t has already been mentioned that the actual discharge through the nozzle at the critical pressure should be rather higher than these values but the difference will not be great. Accordingly it may be assumed th at the relation so established between discharge quantity and critical pressure will be approximately true and will hold generally for the given diameter. Support for this assumption is obtained in th at the critical pressure corresponding to a discharged quantity of 156g./sec. is predicted as 2-34 atm. which compares favourably with the actual measured value of 2*39 atm. The estimated experimental critical pressures can then be compared with the theoretical prediction of figure 4. The following I t is therefore established th at an experimental Critical pressure is obtained which follows the predicted trend with length of nozzle. For nozzles of larger diameter the quantity discharged was so great th at it was difficult to make many experiments and to maintain the same accuracy. However, by the same methods as above it was established th at for a nozzle of 1*27 cm. diameter and 5*8 cm. length the experimental critical pressure was 1-95 atm. as compared with a theoretical value of 1*55 atm. When it is recalled th at for the same length of 0*476 cm. diameter the corresponding values were respectively 2*18 and 1*95, it will be seen that the experimental critical pressure does follow the prediction th at it should diminish with increase in the nozzle diameter.
The critical pressure must be similarly considered for any given supply pressure. A nozzle of given length and diameter will have a critical pressure dependent upon the supply pressure. The critical values can be calculated by the same procedure as outlined above. Now in some experiments it may be th at the pressure of the space into which the nozzle discharges is higher than the critical value and when th at is so the velocity of pressure propagation will not have been attained and the external pressure will be effective within the end of the nozzle. When the external pressure is below the critical value it will not, however, be effective within the nozzle. In either case the value of the pressure within the end of the nozzle will be whichever is the higher. The quantity of fluid which is discharged in any experiment should be greater than the quantity corresponding to the nozzle end-pressure as read on the appropriate dotted curve of the type shown in figure 3 . When the external pressure is below the critical value then the delivered quantity should be slightly greater than the maximum of the dotted curve, while if the external pressure is greater than the critical value the discharged quantity should be greater than the quantity indicated by the dotted curve a t the value of T0 -Ta corresponding to the external pressure. The reason for anticipating an excess over these values may be restated here for convenience. I t is due to the fact th at the surface temperature of the liquid core has to be a t a value of T'a higher than Ta, in order th at evaporation should take place. Hence if experi ments are made to determine the quantity discharged and if it is in fact found to be higher than the values indicated by the dotted curve for the appropriate nozzle end-pressure, then the actual value of T'a may be calculated from the theory by solving equations (23) and (24). s s u r e p r o p a g a t io n i n a s a t u r a t e d l i q u i d Before concluding this paper, it will be of interest to give some general discussion of the theoretical peculiarities of pressure propagation in a saturated liquid, in view of the above experimental evidence for low velocities of propagation. I t may be noted first th at the fundamental physical reason for low velocities is in the change of phase from liquid to vapour, which causes unusually low values of dpjdV. Then the very important point appears that if one starts with the homogeneous saturated liquid phase, vapour cannot form for positive pressure increments but may form for negative amplitudes. Accordingly, considering the'passage of a sound wave, the value of dp/dV may be very much less for the negative than for the positive parts of the cycle. Hence a liquid phase at saturation temperature may have a rectifying property for sound waves, since for positive amplitudes the propagation velocity may be expected to be in the usual liquid region of 1500m./sec., but may be much, less for negative amplitudes. The extent to which this rectifying effect does actually occur will depend upon the extent to which vapour does in fact form. As we have seen in the introduction, and as the experiments with different length of nozzle have proved, th at will depend upon the extent of free surface available, and upon the time. Taking the latter point first, the rectification may be expected to depend upon the frequency. Low frequency cycles may permit considerable vapour formation during the diminishing portion of the negative half and equal condensation during the increasing portion of the negative half, giving very low values of dp/dV for th at half. But very high frequencies may be too rapid to give dp/dV appreciably different in the negative from the positive side. Accordingly ultrasonic waves may not be at all rectified in saturated liquids and very steep negative wave fronts may be transmitted. Experimental evidence for the latter is available in the propagation of rarefaction waves following underwater explosions. But the extent of free surface must be at least as important as the frequency, because as was suggested in the introduction and proved by the nozzle experiments, the available surface governs the rate of vapour formation. In very turbulent or eddying water, or water with gas dissolved in it, the formation of bubbles to provide surface may be easy. In other cases it may be very difficult. When the difficulty of forming bubbles is pro hibitive, the governing surface feature will be the presence of solid particles, sand, grit, etc., dispersed through the fluid. Finally while both frequency and available surface will be important in limiting the propagation of negative parts of pressure waves, the amplitude of the negative part must also be of significance. Mention may also be made of the case where to a cold liquid is applied a pressure wave of amplitude so great that at its lowest value the pressure falls below the saturation point corresponding to the temperature. This case is of frequent practical occurrence, as in the case of ship propellers, pumps, etc. The results described in the paper show the importance of considering the possibility of bubbles or dispersed surface, the frequency, and the amplitude, in any problem involving the transmission of negative pressure through a liquid.
P r e
The work formed part of a general investigation of condensation and evaporation in the research programme of Messrs G. and J. Wier, Ltd., to whom I am indebted for permission to publish. Assuming chemical and thermal equilibrium to be maintained in the detonation wave-front, and using the equation of state in the form of the virial expansion, the velocity of detonation has been determined as a function of the loading density. In the absence of data at suffi ciently high pressures and temperatures for the products of detonation of t.n .t., it has been assumed that the virial coefficients are constant and their values have been determined to give agreement with the measured values of the detonation velocity for loading densities less than 1*5 g.cm.-3. The pressure-volume-temperature relation in the detonation wave-front can then be determined. The pressure in the detonation wave-front is found-to be of the order of 2 x l 0 n dyne cm.-2 for a loading density of 1*5 g.cm.*3, compared with the value of 9*4 x 1010 dyne c m r 2 given in the earlier work of other authors using the co-volume method. With the equation of state adopted in this paper it is found that at a high loading density only negligibly small amounts of hydrogen and carbon monoxide are present in the detonation wave-front, a fact which facilitates the calculation of the adiabatic relations in this case. It is shown (part B) that these gases do, however, develop rapidly during the initial stages of the adiabatic expansion. The calculation of the equilibrium conditions in the detonation wave-front with the adopted equation of state (part A) determines the initial conditions for the calculation of the adiabatic relations for a high loading density. The chemical composition of the gases during the adiabatic expansion and the external work done during it have been calculated for a loading density of 1*5 g.cm.-3 (part B). It is shown that the large amount of chemical energy
